ABSTRACT: Women carrying BRCA1 and BRCA2 mutations have significantly elevated risk of developing breast and ovarian cancers. BRCA1-associated breast cancer likely originates from progenitors of the luminal epithelial lineage. Recent studies indicate that radiation therapy (RT) for BRCA1 cancer patients is associated with lower incidence of developing subsequent ipsilateral breast cancer. In the current study, we analyzed tumor-free breast tissue procured via prophylactic bilateral mastectomy from three BRCA1 and one BRCA2 mutation carriers, who had been previously treated with RT for unilateral breast cancers. Freshly isolated breast cells from the irradiated and nonirradiated breast tissue of the same individuals were subjected to flow cytometry, using established cell-surface markers. Two out of the three BRCA1 carriers and one BRCA2 carrier exhibited significantly diminished luminal cell population in the irradiated breast versus the nonirradiated side. There was also RT-associated reduction in the colony-forming ability of the breast epithelial cells. Our finding suggests that prior RT could result in the depletion of the luminal epithelial compartment and thus reduced incidence of BRCA1/2-associated breast cancer. 
Background
Germ-line mutations in BRCA1 and BRCA2 predispose individuals to breast and ovarian cancers. 1 At the molecular level, the best characterized BRCA1 and BRCA2 function is their activity to promote the homologous recombination (HR)-based pathway of DNA double-strand break (DSB) repair by recruiting various DNA repair proteins. [2] [3] [4] The clinical relevance of BRCA1/2 function in DSB repair is highlighted by the compelling link between cancer-predisposing BRCA1/2 mutants and their compromised activity in DSB repair.
Breast epithelium consists of two layers of cells: luminal and basal epithelial cells in the inner and outer ductal layers, respectively. 5 Despite the fact that BRCA1-associated breast tumors tend to fall into the basal-like subtype, emerging evidence from studies of both animal models and clinical samples from BRCA1 mutation carriers strongly suggests that BRCA1 breast tumors originate from progenitors of the luminal epithelial cells. [6] [7] [8] Depletion of the cell of origin for BRCA1-associated tumors could inform the development of novel cancer-preventive measures, in addition to the currently available prophylactic mastectomy and oophorectomy for this group of at-risk women. 9 Breast cancer patients with BRCA1 mutations who had received radiation therapy (RT) had reduced risk of ipsilateral breast cancer. 10 The RT effect on breast cancer recurrence could be due to elimination of residual tumor cells left from the excised primary tumor. 11, 12 Alternatively, as BRCA1 deficiency results in compromised DSB repair and hypersensitivity to DSB-inducing agents, 13, 14 it is also conceivable that the RT-associated reduction in cancer incidence is caused by a diminished pool of the cell of origin for BRCA1-associated tumors. In support of the latter model, we previously showed in a case study that the luminal epithelial compartment from irradiated breast tissue of a BRCA1 mutation carrier was substantially diminished compared to the nonirradiated side of the same individual. 15 In the current study, we extended our previous study by analyzing pairs of nonirradiated and irradiated breast tissue from multiple BRCA1/2 mutation carriers who underwent bilateral prophylactic mastectomy.
Materials and Methods
Tissue procurement. Fresh unfixed human breast tissue was procured from mastectomy, and subsequently digested with collagenase and hyaluronidase following the previously published procedure. 16 The clinical protocol was approved by the Institutional Review Board (IRB) at the University of Texas Health Science Center at San Antonio. All donors gave consent for the use of the specimens for laboratory research.
Flow cytometry and cell sorting. Cell suspension isolated from digested breast tissue was pre-blocked and subsequently labeled with an allophycocyanin-conjugated rat antibody to human CD49f (clone GOH3, R&D Systems) and FITCconjugated mouse antibody to human EpCAM (clone VU1-D9, StemCell Technologies), following a previously published protocol. 6 Biotin-conjugated mouse antibodies to human CD45 (clone H130, eBiosciences), CD235a (clone HIR2, eBiosciences), and CD31 (clone WM59, eBiosciences) were used to label hematopoietic and endothelial cells, followed by pacific blue-conjugated streptavidin (Invitrogen Colony-forming cell assay. Fluorescence-activated cellsorted cells were seeded with previously irradiated (30 Gy) NIH 3T3 feeder cells and cultured for 7-12 days under the condition previously described. 17 Upon completion of the culturing, cells were fixed with 1:1 ratio methanol/acetone and stained with Wright's Giemsa (Sigma). Cell colonies were imaged and enumerated under a dissecting microscope (Nikon SMZ1000).
Statistical analysis. Samples in the colony-forming cell assay were analyzed in triplicates. The P-value was calculated by Student's t-test and was considered significant when #0.05.
Results and Discussion
The patient cohort used in our study consisted of three cancer-predisposing BRCA1 (BSC44, BSC88, BSC101) and one BRCA2 (BSC103) germ-line mutation carriers, aged 34-50 years ( Table 1 ). The BRCA1 mutations were 4987C . G (BSC44), 5385insC (BSC88), and exon1-2 deletion (BSC101). The BRCA2 mutation (BSC103) was 886delGT. All four patients had been treated with RT for previous unilateral breast cancers. The patients had subsequent bilateral prophylactic mastectomy 2-9 years after RT. Following IRB-approved patient consents, we procured fresh tumor-free tissue from the nonirradiated and irradiated breasts at the time of bilateral mastectomy, and performed enzymatic digestion and singlecell isolation 16 for the pair of left and right breast tissue samples from each donor.
Isolated single cells were then subjected to FACS using established cell surface markers for various breast epithelial and stromal cell populations. 6, [17] [18] [19] As shown in Figure 1A , the procedure allowed us to distinguish the following lineage-negative cell populations: luminal progenitor cells ( ). We confirmed the purity of the sorted cells by assessing the mRNA levels of known markers for luminal (keratin 18), basal (keratin 14) , and stromal cells (vimentin) (Fig. 1B) . As shown in Table 2 , two BRCA1 (BSC44 and BSC101) and one BRCA2 (BSC103) samples exhibited significantly reduced luminal progenitor cell population in the previously irradiated breast versus the nonirradiated side of the same donors (0.93% vs 21.5%, 0.58% vs 13.24%, and 10.12% vs 42.29%, respectively). This is equivalent to 89%, 96%, and 76% reduction in the RTassociated luminal progenitor epithelial population. In addition, the mature luminal fractions of the RT side from the two BRCA1 samples (BSC44 and BSC101) also showed reduced abundance (0.6% vs 5.34%, 1.43% vs 9.42%). In contrast, the remaining BRCA1 sample BSC88 did not show any substantial difference in either progenitor or mature luminal fraction between the irradiated and nonirradiated side (12.93% vs 13.66%, 10.23% vs 11.65%).
For BSC101, which yielded sufficient number of sorted cells, we also conducted in vitro mammary colony-forming cell (Ma-CFC) assay per established protocols. 17, 19 Upon seeding an equal number of live cells from the sorted samples with NIH 3T3 feeder cells, we cultured the cells for 7-12 days and enumerated the total colony number from triplicates of each biological sample. As expected, both luminal progenitor and basal epithelial cells, but not mature luminal or stromal cells, from the nonirradiated breast produced cell colonies (Fig. 2) . However, the colony numbers from the epithelial samples of the irradiated breast were significantly diminished. This result further supports the notion that RT is associated with reduced progenitor cell activity in breast tissue from BRCA1 mutation carriers. Given the well-documented role of BRCA1 and BRCA2 in DNA DSB repair, it has been suggested that carriers of cancer-predisposing mutations of these genes are likely to be radiosensitive. However, several population-based studies of BRCA1/2 mutation carriers did not find increased RTassociated risk of developing contralateral breast cancers compared to their noncarrier counterparts, [20] [21] [22] [23] nor was there a significant association between BRCA1/2-associated breast cancer risk and mammography, [24] [25] [26] where the typical dose involved is more than two orders of magnitude lower than RT. 27 On the contrary, one recent report indicates that RT Figure 2 . Breast tissue previously exposed to rt has lower colony-forming activity. sorted live epithelial cells from the nonirradiated and irradiated breast tissue (BsC101) were assessed for their ability to form colonies in vitro. experiment was carried out in duplicate. the images were taken 7-12 days after culturing (± standard deviation). P-value was calculated by student's t-test.
is associated with reduced recurrence of BRCA1-associated ipsilateral breast cancer. 10 Our finding that RT, in three out of four BRCA1/2 samples analyzed, is associated with reduced luminal progenitor cell number and activity lends further support to a protective role of RT against BRCA1/2-associated tumor development. It is conceivable that intact DNA damage-responsive checkpoint mechanisms in normal breast epithelial cells, especially those proliferating progenitor cells, induce permanent cell cycle arrest and/or apoptosis in response to RT-triggered DSB, thus eliminating the damaged cells before they have the opportunity to accumulate genomic instability and undergo tumorigenesis. Following the same logic, it has been proposed that low-dose RT could be used a prophylactic measure to reduce breast cancer incidence. 28 As a proof of principle, a recent study demonstrates that prophylactic mammary irradiation significantly reduces tumor incidence in a mammary tumor-prone animal model. 29 A significant strength of our current study is the parallel processing and analysis of fresh bilateral breast tissue from the same donors, which allowed us to compare and contrast both the abundance and activity of irradiated and nonirradiated samples without introducing individual-based variations. Using additional clinical samples, the current finding represents an extension of our previous case study. 15 However, given the exquisite nature of the rare clinical cases used in our study, our work still has the limitation of small sample size. It is prudent to continue validating the findings of our current study with more BRCA1 and BRCA2 samples that share the same rare confluence of events. In addition, when technically feasible, it is important to compare sensitivity of breast epithelial cells to RT between BRCA1/2 mutation carriers and noncarriers.
It is unclear why one BRCA1 case (BSC88) did not show any significant RT-associated difference in luminal progenitor cells. We note that, of all four donors in the study, BSC88 had the shortest interval between RT and prophylactic mastectomy (2 years). Also, the BRCA1 mutation associated with BSC88 is located further downstream of those in the other BRCA1 mutation carriers (BSC44 and BSC101), which could result in a mutant gene product with some residual DSB activity. It is also possible that additional changes in other DNA repair gene expression and/or activity could modulate the radiosensitivity of the BRCA1-mutation carrying cells. Future studies are needed to discern these and other biological factors that influence the kinetics and extent of RT-associated depletion of luminal progenitor cells in BRCA1/2 mutation carriers.
Consistent with our previous case study, the RTassociated cell depletion preferentially occurred in the luminal epithelial compartment. Neither basal epithelial nor stromal cells from the irradiated breast samples exhibited any reduction in cell number compared to the nonirradiated side. This cell-type-selective finding is reminiscent of the tissue-specific nature of BRCA-associated tumors. As the DSB repair activity of BRCA1/2 is readily demonstrable in cell lines of nonbreast or ovarian origins in vitro, it remains an enduring conundrum as to why loss of BRCA1/2 DNA repair function preferentially predisposes individuals to breast and ovarian cancers. It is tempting to speculate that epithelial cell lineage, hormonal milieu, and/or other yet to-be-defined DSB repairindependent functions of BRCA1/2 could fine-tune the cellular radiosensitivity of BRCA1/2 mutation carriers.
Conclusion
Our current work with additional BRCA1 and BRCA2 samples extends our previous case study by demonstrating RTassociated preferential depletion of luminal epithelial cells in a number of BRCA1 and BRCA2 mutation carriers studied. Our findings lend additional support to the notion that low-dose RT could effectively diminish the cell of origin of BRCAassociated breast tumors. When validated by further study, the lineage-specific epithelial cell depletion could inform the development of new approaches for cancer prevention for at-risk women.
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